Abstract -A study on the organization of prophase I chromatin in a PTH (permanent translocation heterozygosity) plant -Rhoeo spathacea was carried out. The sequential DAPI/AMD-FISH technique showed that nuclear polarization and centromere clustering during preleptotene-pachytene is a striking feature of all the studied heterozygotic clones. It was revealed that during pachytene pericentromeric heterochromatins assemble into a strikingly regular continuous ring with empty space inside. The topological constraints exerted by the heterochromatic pachytene "ring" exclude both random and multiple centromere interactions, and together with peripheral disposition of GC-rich pericentromeric regions and their reduced number, conform to a condition where one pericentromere interacts side-by-side with its two neighbors. The relation of the meiotic centromere associations in Rhoeo to the processes regulating chromosome arm juxtaposition (e.g. synapsis) and/or segregation was discussed.
INTRODUCTION
Permanent translocation heterozygosity (PTH) in plants is a textbook example of complex genome rearrangements and deserves special attention, as it has elaborated a special nonMendelian genetics based on the existence of the two non-recombining super-linkage groups -the so called Renner complexes (reviewed in: DARLINGTON 1931; STEBBINS 1950; CLELAND 1972; HOLSINGER and ELLSTRAND 1984; RAUWOLF et al. 2008) . As a result of extensive translocations, during meiosis chromosome rings/chains are formed rather than bivalents in PTH organisms (CLELAND 1972; GOLCZYK et al. 2008a) . It has been widely assumed that not only recombination but also pairing in PTH organisms is restricted to relatively small distal chromosome regions (DARLINGTON 1931; CLELAND 1972; LIN AND PADDOCK 1973; STACK AND SOULLIERE 1984; RAUWOLF et al. 2008) . Within a ring, all univalents are connected exclusively terminally by peculiar end-to-end connections, the so called "terminal chiasmata". Every second chromosome belongs to the same Renner complex and each complex segregates as a whole entity because at metaphase I kinetochores are alternately orientated (ÖSTERGREN 1951) . How the highly complicated meiotic multiple is assembled and how end-to-end pairing is regulated to obtain regular disjunction of the two Renner complexes, remain a mystery.
The monotypic genus Rhoeo (2n = 12) seems a good model organism for cytogenetic research on PTH (BELLING 1927; SAX 1931; GOLCZYK and JOACHIMIAK 2003; GOLCZYK et al. 2005 GOLCZYK et al. , 2008b GOLCZYK et al. , 2010 . The unusual ability of all the twelve pericentromeric regions to remain clustered until late pachytene in Rhoeo (COLEMAN 1941; NATA-RAJAN and NATARAJAN 1972; STACK and SOULLIERE 1984) opens an unique way to refer to the problem of chromosome pairing and/or segregation in a PTH system. It was compellingly demonstrated by STACK and SOULLIERE (1984) 
that in
Rhoeo telomere-led synapsis is never completed and is confi ned to short distal chromosome segments. This implies that centromere associations are independent from the telomere-led synapsis. Whether the centromeres cluster non-randomly and/or play any essential function other than generating a broad nuclear constraint is unknown (NATARAJAN and NATARAJAN 1972) . If they did, the novel meiotic format of PTH would likely require a highly organized multicentromere structure to be formed at a time of chromosome aligning. In such a view, studying the arrangement of the meiotic centromeres in Rhoeo seems a promising strategy. Here, for the fi rst time base-spacifi c DAPI/AMD fl uorescence, which specifi cally detects all the twelve AT-rich pericentromeres (GOLCZYK et al. 2010) , combined sequentially with rDNA-FISH was applied to monitor the arrangement of AT-rich pericentromeric heterochromatin regions within the preleptotene-pachytene nuclei in Rhoeo. As a centromere-specifi c sequence in Rhoeo has not been isolated so far, C-banding and CMA 3 / DA/DAPI method were used to penetrate further into the details of the pachytene chromocenter in the very gently squashed preparations. The CMA 3 banding appears as a credible tool, as besides the telomeric CMA 3 + segments, centromerically localized GC-rich DNA clusters are positioned on all the twelve chromosomes (GOL- CZYK et al. 2010) .
MATERIAL AND METHODS
Plant material and preparation technique -The three clones of the typical Rhoeo variety (R. discolor) subjected to meiotic analysis were described previously (GOLCZYK et al. 2005 (GOLCZYK et al. , 2010 . All the plants were grown in the greenhouse at 25-28°C. Young fl ower buds ca. 2-4 mm in length were fi xed in 3:1 ethanol-glacial acetic acid (AA). Dissected anthers were squashed in a drop of 45% acetic acid, as was described (GOL-CZYK et al. 2010) . After squashing and freezing using the dry-ice method, cover slips were removed and the preparations were air-dried. Only freshly-made preparations were used.
Base-specifi c fl uorescence, fl uorescence in situ hybridization (FISH), C-banding, acridine orange staining, image aquisition.
Meiotic preparations were stained with 4'-6-diamidino-2-phenyloindole (DAPI) or chromomycin A 3 (CMA 3 ) and respectively counterstained with actinomycin D (AMD) or distamycin A (DA) (SCHWEIZER and AMBROS 1994) . After CMA 3 /DA treatment, the preparations were further counterstained with DAPI. The best meiotic preparations representing each meiotic stage after DAPI/AMD and CMA 3 /DA/ DAPI treatments were subjected sequentially to FISH with 25S rDNA probe, as described previously (GOLCZYK et al. 2005 ) -see Fig. 1 E-F for explanation. As the high fl uorescence of DAPI obscures largely the structural details of collective chromocenters, C-banding, which is specifi c for constitutive heterochromatin, was applied to meiotic preparations to see the structure of the pachytene collective chromocenters in more detail. The C-banding technique was conducted as was already described (GOLCZYK 2011). Additionally, freshly made meiotic preparations were also stained in the water solution of acridine orange (1mg/ml) and then washed and mounted in the tap water. In total, in each clone about 200 nuclei representing a given meiotic stage were carefully examined. The microphotographic documentation, image acquisition and processing were done as described previously (GOLCZYK et al. 2010) .
RESULTS
A great meiotic uniformity of all the three studied clones was revealed. In all the plants centromere clusters persist from preleptotene until late pachytene (Fig. 1A-D) . Typically, within the whole studied period the pericentromeres were clustered on one side of a meiotic nucleus, attached to a site corresponding to the nuclear envelope, whereas chromosome ends tended to occupy the opposite nuclear pole, which was deduced on the basis of rDNA-FISH (Fig. 1E-F) . The polarized terminal rDNA sites at pachytene formed one large collective nucleolus as could be inferred from the acridine orange staining (Fig. 1G) . CMA 3 /DA/DAPI method revealed a reproducible and highly regular, circle-like peripheral arrangement of the pericentromeric CMA 3 + bands at pachytene in very gently squashed preparations (Fig. 1H-I) . In all the clones the average number of the CMA 3 + pericentromeric foci per chromocenter was around 8 (Table 1) . As the number of the stable CMA 3 + pericentromeric bands within the karyotype is 19 (GOLCZYK et al. 2010) , this apparent reduction in number suggests the process of intimate associations between GC-rich pericentromeric fractions. Unfortunately, the CMA 3 banding was inadequate in the material representing stages preceding pachytene. A fi ne structure of the pachytene chromocenter was uncovered by the C-banding technique. Pericentromeric heterochromatins assemble into a strikingly regular, continuous ring with empty space inside (Fig.  1J) . Such a ring-chromocenter was highly reproducible in all the clones within the C-banded preparations, however in stages earlier than pachytene, collective chromocenters presented themselves rather uniformly stained heterochromatic bodies (data not shown). In all the clones euchromatic area in the neighborhood of the terminal collective nucleolus was more intensively stained than the rest of euchromatin (Fig.  1J ). According to STACK and SOULLIERE (1984) , such a staining pattern refl ects restricted synapsis as the synapsed distal chromosome segments are more thick than the remaining, single (unsynapsed) chromatin fi bers.
DISCUSSION
Despite major advances in our understanding of meiotic events, we still remain rather ignorant of the mechanisms that regulate recognition of translocated genome parts and their alignment in PTH organisms (CLELAND 1972; RICKARDS 1983; HARTE 1994; HEJNOWICZ and FELDMAN 2000; GOLCZYK et al. 2008a) . The essential feature which is most likely shared with regular bivalent-formers is the requirement for higher order nuclear constraints facilitating pairing (BARZEL and KUPIEC 2008) . The most common nuclear constraint during zygotenepachytene is the telomere cluster (ZICKLER and KLECKNER 1998). However, in Rhoeo an additional constraint exists in the form of centromere cluster(s), that is the collective chromocenters(s) occupying the opposite pole of a meiotic nucleus (Fig. 1) . It has been shown here that the strong nuclear polarization and centromere clustering (Rabl organisation) within preleptotene-pachytene period is a striking meiotic feature of all the studied clones. This does not agree with Coleman (1941) , who observed twelve heteropycnotic bodies at leptotene, which later fused into collective chromocenter(s). Thus, in the light of present study, the untypical meiotic prophase of Rhoeo seems rather to comply with the concept of FUSELL (1987) , who discussed the meiotic bouquet as a possible prolongation of the premeiotic Rabl-polarisation. A similar situation is observed in allopolyploid wheats (NARANJO and CORREDOR 2004) . Interestingly, in the PTH system of Oenothera, pericentromeric regions also remain clustered and generate Rabl-polarisation for a prolonged time during meiotic prophase I, but these features are likely to appear de novo before zygotene (GOLCZYK et al. 2008a) . In other organisms studied, the transient centromere associations are usually resolved prior to zygotene pairing (CHURCH and MOENS 1976; SUZUKI et al 1997 , JIN et al 1998 .
A highly regular "pachytene ring" formed by heterochromatic pericentromeres (Fig. 1J) , together with the preferential peripheral arrangement of CMA 3 + centromeric bands (Fig. 1H-I ) could be either a result of the directed centromere movement, independent of telomere-led synapsis and quite different from random clustering, or a mechanical consequence of the completed synapsis (Fig. 1K) . The fi rst scenario relies upon the widely accepted model of the severely restricted synapsis (STACK and SOULLIERE 1984 ) -see Introduction. The (sub)terminally restricted synapsis correlates well with the (sub)terminally restricted recombination, as the failure to form SC is the cause for dysfunctions in crossovers, because DSBs cannot be repaired in such a way as to yield crossovers (ZICKLER and KLECKNER 1998) . It should be noted, that a possibility of the completed synapsis in Rhoeo was taken into account within the meiotic models of MCQUADE and WELLS (1975) and LIN (1979) , which were based on partial three-dimensional EM reconstructions from sectioned meiotic nuclei. These two studies however suffered from an inability to follow SCs throughout their full length, as was critically discussed by Stack and Soulliere (1984) . Whatever the exact relative arrangement of the pachytene centromeres is, the topological constraints exerted by the heterochromatic "ring" exclude both random and multiple centromere interactions, and together with peripheral disposition of GCrich regions and their reduced number, conforms ; (E-F) zygotene nucleus, (E) DAPI/AMD, (F) FISH with 25S rDNA probe, arrowheads -tiny pericentromeric 25S rDNA signals, triangles -terminal 45S rDNA loci which mark the telomeric pole of the meiotic nucleus -in Rhoeo all the ten transcriptionally active 45S rDNA clusters are positioned on chromosomes terminally (GOLCZYK et al. 2005 (GOLCZYK et al. , 2010 ; (G) pachytene nucleus, acridine orange staining, nu -nucleolus (red fl uorescence of rRNA); (H-I) pachytene nuclei, CMA 3 /DA/DAPI, (H) DAPI channel, (I) CMA 3 illumination, note peripheral orientation of the GC-rich pericentromeric segments in relation to AT-rich heterochromatin; (J) pachytene nucleus with heterochromatic pericentromeres arranged in a regular ring, C-banding; (K) simplifi ed planar model of the completed synapsis (peri)centromere circle is a mechanical consequence of the synaptic process, thus the relative arrangement of the nonhomologous (peri)centromeres is the same as within the fully developed diakinetic/metaphase I ring. If synapsis is restricted to sub(terminal) regions, centromere associations are no longer passengers in the synaptic process, thus can not be driven by telomere-dependent process of selecting the right partner for pairing. Note the reduction in number of the pericentromeric CMA 3 + foci. Scale bars = 10 µm.
to a condition where one pericentromere interacts side-by-side with its two neighbors. How the associations between the non-homologous centromeres within the pachytene "ring" could be related to the telomere-dependent process of selecting the right partner for pairing (CORREDOR et al 2007) remains an intriguing puzzle in the light of the restricted synapsis (see Fig. 1K and its description). The whole series of chromosome interactions during meiosis involves processes, many of which interact functionally (ZICKLER and KLECKNER 1998, 1999) . Whether the centromere-mediated pairing of the large non-recombining genome portions cooperates specifi cally with recombination-dependent pairing of distal chromosome segments to achieve a special meiotic goal (assembling the ring, segregation, etc.), remains to be answered. One of the special features of the PTH meiotic format is that the reductional division does not rely upon high tension across the back-to-back oriented (bioriented) non-sister kinetochores (ÖSTERGREN 1951) . Obtaining a regular alternate segregation seems to require a sophisticated network of tensile forces acting coordinately across all the involved kinetochores during meiotic prometaphase (ÖSTERGREN 1951, HEJNOWICZ and FELDMAN 2000) . However Rickards (1983, and the references therein) in his review argued that the alternate orientation can be hardly achieved at once when chromosomes fi rst meet the spindle and one of the proposed auxiliary mechanism was the centromere/chromosome preorientation about the time of chromosome aligning. Interestingly, in S. cerevisiae, synapsis-and recombination-independent centromere associations forming early at meiosis were shown to be essential for homology-defying pairing and subsequent regular segregation (reviewed in: STEWART and DAW-SON 2008). It seems thus important to assess how is exactly the position of each pachytene pericentromere or a pericentromere-adjacent region related to its position within the fully developed meiotic mulivalent at diakinesis/metaphase I (see Fig. 1K and its description). Hopefully, a way to achieve this may be generating chromosome-specifi c probes in the future. Summarizing, because the large non-synapsing and non-recombining genome portions associate non-randomly via their centromeric regions (pachytene "ring") and are effi ciently separated from their recombining/synapsing counterparts (strong nuclear polarization), complex heterozygotes of Rhoeo give an extraordinary possibility for the studies on a connection between meiotic centromere associations and the molecular processes regulating chromosome arm juxtaposition (e.g. synapsis) and/or segregation in a PTH system. Recent studies on bivalentforming organisms suggest that centromere associations are important, previously unappreciated part of the cellular machinery conditioning crucial processes, e.g. meiotic segregation (STEWART and DAWSON 2008) .
